Sparks JD, Cianci J, Jokinen J, Chen LS, Sparks CE. Interleukin-6 mediates hepatic hypersecretion of apolipoprotein B. Am J Physiol Gastrointest Liver Physiol 299: G980 -G989, 2010. First published July 22, 2010; doi:10.1152/ajpgi.00080.2010.-Obesity and type 2 diabetes are associated with insulin resistance (IR), increased circulating proinflammatory cytokines, and hypertriglyceridemia, the latter being caused by overproduction of hepatic very low density lipoprotein (VLDL). One cytokine strongly linked with development of hepatic IR is interleukin-6 (IL-6). Our objective was to evaluate IL-6 effects on hepatic apolipoprotein B (apoB) and VLDL secretion and to examine possible linkages between cytokine signaling and insulin-suppressive effects on lipoprotein secretion. Of the cytokines examined, only IL-6 stimulated secretion of apoB-containing lipoproteins in a dose-dependent manner. Both B100 and B48 secretion were significantly increased in VLDL and in lipoproteins with a density Ͼ1.019 g/ml. The ability of insulin to suppress hepatic apoB secretion was maintained in hepatocytes treated with IL-6. Pulse-chase studies indicated that enhanced apoB synthesis was the primary mechanism for increased lipoprotein secretion, which corresponded with higher abundance of apoB mRNA. Because IL-6 did not alter the decay rate of apoB mRNA transcripts, results support that increased apoB mRNA levels are the result of enhanced apob gene transcription. Increased apoB-lipoprotein secretion was also detected with oncostatin M (OSM), supporting involvement of the signaltransducing protein, gp130. Increased suppressor of cytokine signaling (SOCS) 3 expression negated IL-6 and OSM effects and significantly reduced cellular apoB mRNA abundance. We conclude that IL-6 favors secretion of apoB-containing lipoproteins by increasing availability of apoB through changes in apob gene transcription. These changes may contribute to hypersecretion of VLDL associated with obesity, particularly under conditions where SOCS3 is not overexpressed to an extent capable of overcoming IL-6-stimulated apob gene transcription.
interleukin-6; suppressor of cytokine signaling 3 and hepatocyte lipoprotein secretion; very low density lipoprotein METABOLIC SYNDROME IS A CLUSTERING of conditions that include abdominal obesity, hypertension, hypertriglyceridemia, and insulin resistance (14) and is associated with increased risk of cardiovascular disease and type 2 diabetes (2). Hypertriglyceridemia results from hepatic hypersecretion of very low density lipoprotein (VLDL) and apolipoprotein B (apoB), an integral protein component of VLDL (1) . Numerous studies have linked hepatic insulin resistance with overproduction of apoB-containing lipoproteins (11) , and, recently, it has been shown that hepatic insulin resistance is sufficient to produce hypersecretion of VLDL and subsequent dyslipidemia (7) . Hypersecretion of VLDL and apoB by the liver can be the result of increased expression of any of the three rate-limiting components required for VLDL assembly, including triglyceride (TG), microsomal triglyceride transfer protein (MTP), and apoB (44) .
Insulin regulates the production of VLDL by liver by limiting apoB availability through presecretory intracellular degradation (48) which leads to temporary TG storage and balances intestinal and hepatic lipoprotein metabolism during the transition from fasting to fed states (44, 49, 50) . Insulinsuppressive effects on apoB are mediated by the insulin receptor and depend upon activation of phosphatidylinositol 3-kinase via insulin receptor substrates (34) . With the development of hepatic insulin resistance, the suppressive effect of insulin on apoB secretion is lost (12, 13) , and the incremental increase in available apoB may be one possible mechanism responsible for hepatic hypersecretion of apoB under these conditions. Hepatic VLDL production can be further augmented by increased fatty acid delivery to the liver released from adipose tissue lipolysis (56) along with induction and enhanced expression and activity of MTP (26) .
Both obesity and metabolic syndrome are strongly associated with chronic inflammation (20, 40) . As individuals become obese, there is an increase in proinflammatory cytokines secreted by adipose tissue (31) . The liver also reflects inflammatory gene changes with increasing adiposity (9) . The relationship of obesity and adipocyte cytokine release with hypertriglyceridemia suggests the possibility that hypersecretion of hepatic VLDL may be mechanistically linked to proinflammatory cytokine signaling. The current study evaluated the specific stimulatory effect of interleukin 6 (IL-6) on apoB-containing lipoprotein assembly and secretion by rat hepatocytes (RH). Interestingly, the stimulatory effect of IL-6 was not through derepression of insulin inhibition, but rather through IL-6-dependent increases in hepatic apoB mRNA. The induction of cellular apoB mRNA was counterbalanced by expression of suppressor of cytokine signaling 3 (SOCS3), which downregulated cellular apoB mRNA transcripts. Overall, studies expand our knowledge of the balance of regulatory pathways for modulating hepatic TG by induction of secretion of apoB-containing TG-rich lipoproteins. NJ). Goat polyclonal (IgG) anti-rat fibrinogen was from Immunology Consultants Laboratory (Newberg, OR). Adenoviral vectors (Ad Type5 dE1/E3) containing human (h) SOCS3, and Ad-CMV-GFP were purchased from Vector Biolabs (Philadelphia, PA).
14 C molecular weight marker proteins were purchased from GE Healthcare (Buckinghamshire, UK).
Cell culture. RH were prepared by collagenase perfusion of livers derived from fed rats between 0800 and 1000 as previously described (48) . Viable cells were isolated by Percoll gradient centrifugation (47) . After removal of Percoll by pelleting and resuspension of cells, RH were seeded on dishes previously coated with rat tail collagen (1 ϫ 10 6 cells/ml, 2 ml/60-mm dish) and incubated in an humidified atmosphere of 95% air-5% CO 2 (vol/vol) at 37°C for 2-4 h. Nonadherent cells were removed by rinsing monolayers three times in 0.2% (wt/vol) BSA/HBSS, and cells were reincubated for various time periods in Waymouth's medium containing 0.2% (wt/vol) BSA and insulin (0.1 nM), hereafter referred to basal medium, and various cytokines or inhibitors. For adenoviral infection, adenovirus (Ad) stocks were first diluted to a concentration of 1 ϫ 10 9 multipliticies of infection (MOI)/ml in 0.2% BSA/HBSS, and aliquots were stored frozen at Ϫ80°C. After RH were seeded, cells were infected with Ad at a concentration of 5 MOI unless indicated otherwise followed by overnight incubation. Toxicity was monitored by lactate dehydrogenase (LDH) release in medium, and, at 5 MOI, no significant LDH release was observed. ApoB secretion rates were unaffected following infection of RH with Ad-CMV-GFP control vector compared with uninfected RH.
Lipoprotein apoB assay. Concentrations of cellular apoB from detergent-solubilized hepatocytes, medium apoB, and apoB of ultracentrifuged lipoproproteins were measured by competitive RIA employing a mouse monoclonal antibody prepared against rat apoB (45) . ApoB standard curves were prepared using rat VLDL diluted in culture medium or cell lysis buffer. ApoB concentrations were normalized to cell protein per dish as assayed using either Bradford protein assay (8) or bicinchoninic acid protein assay (Pierce, Rockford, IL). For the determination of apoB in VLDL fractions, media from five 60-mm plates were pooled (10 ml); salt density was adjusted to 1.019 g/ml by addition of a solution of sodium bromide (density ϭ 1.495 g/ml) containing 5 mM EDTA, and divided into two ultracentrifuge tubes. Ultracentrifugation was carried out at 50,000 rpm ϫ 18 h at 14°C in a 70.1 Ti rotor (230,000 g) in a L-70 Optima Ultracentrifuge (Beckman Coulter, Fullerton, CA). The VLDL fraction was isolated by tube slicing, and infranatant proteins were resuspended. ApoB concentrations of VLDL (density Ͻ1.019 g/ml) and infranatant fractions (density Ͼ1.019 g/ml) were determined by RIA and normalized to cell protein.
Lipoprotein apolipoprotein secretion. The influence of IL-6 on secretion of B100 and B48 as well as other apolipoproteins in various lipoprotein density fractions was determined using L-[
14 C]leucine steady-state labeling conditions as previously described (13) . Briefly, hepatocytes were incubated with and without 0.5 nM IL-6 (5-60 mm dishes/condition) for 16 h in leucine-free, Waymouth's basal medium containing 15 M added L-leucine and 3.3 Ci/ml L-[
14 C]leucine (sp. act. ϳ315 mCi/mmol, CFB 67; Amersham Biosciences, Piscataway, NJ). Media from each condition (5 dishes, 10 ml) were pooled, and 2 ml of freshly prepared rat serum were added to act as carrier. The solution was then divided into duplicate ultracentrifuge tubes (6 ml each), and VLDL (density Ͻ1.019 g/ml), low density lipoprotein (LDL) (1.019 g/ml Ͻ density Ͻ1.063 g/ml), and high density lipoprotein (HDL) (1.063 g/ml Ͻ density Ͻ1.225 g/ml) fractions were isolated by flotation by sequential density ultracentrifugation at 14°C at 50,000 rpm for 18, 22, and 40 h, respectively. Density adjustments were made by the addition of a solution of NaBr (density ϭ 1.495 g/ml) containing 5 mM L-leucine, 1% (vol/vol) aprotinin, and 5 mM EDTA. After isolation, lipoprotein fractions were dialyzed against PBS containing 5 mM EDTA using 3500 MWCO membranes (Spectra/Por; Spectrum Labs, Rancho Dominguez, CA). After dialysis, apolipoproteins were concentrated by precipitation during the process of delipidation in chloroform-methanol-diethyl ether (5:5:10, vol/vol/vol). Delipidated apolipoprotein pellets were air-dried and then dissolved in 2ϫ Laemmli's buffer (29) containing freshly added 10 -25 mM dithiothreitol.
14 C-labeled apolipoproteins were separated by SDS-PAGE on 3.5% (wt/vol) to 26% (wt/vol) gradient acrylamide/ Acrylaide gels cast on GelBond PAG film (FMC BioProducts, Rockland, ME). After electrophoresis, gels were briefly rinsed in distilled water, heat-fixed in a convection oven, and 14 C-labeled apolipoproteins were visualized by PhosphorImager analysis. Specific apolipoproteins were identified by characteristic molecular weights through comparison with coelectrophoresed 14 C molecular weight marker proteins.
RNA isolation and analysis. Total RNA was isolated from four to five (60-mm) dishes of RH using 3 ml TRIzol reagent/dish according to the manufacturer's recommendation (Invitrogen). Purified RNA was dissolved in 200 l of FORMAzol (Molecular Research Center, Cincinnati, OH) for long-term storage at Ϫ80°C. An aliquot of each RNA sample was removed to measure ratios of absorbance at 260 and 280 nm, which were consistently Ͼ1.9. For Northern blotting, liver RNA was separated on 0.8 or 1.2% (wt/vol) agarose gels containing formaldehyde. Ratios of 28S to 18S RNA ranged from 1.8 to 2.0 as analyzed on ethidium bromide-stained gels. Separated RNAs were transferred to Nytran Super Charge nylon membranes (Schleicher and Schuell Bioscience, Keene, NH) using a turboblotter (Schleicher and Schuell), and RNAs were immobilized by ultraviolet cross-linking. Membranes were prehybridized in ExpressHyb (BD Biosciences Clontech, Palo Alto, CA) and then hybridized with [ 32 P]cDNA probes (35) . cDNAs were labeled using Ready-To-Go DNA-labeling beads (minus dCTP) (Amersham Biosciences) and [␣-
32 P]dCTP (3,000 Ci/mmol; PerkinElmer Life and Analytical Sciences, Boston, MA). The apoB probe used for Northern blotting was a 5= probe kindly provided by Dr. Alana Mitchell (University of Melbourne, Australia). Probes for cyclophilin and 18S RNA were obtained from Ambion (Austin, TX). After hybridization with labeled cDNAs, membranes were washed, and binding was evaluated by PhosphorImager analysis (Molecular Dynamics, Sunnyvale, CA) using ImageQuant software. To control for gel loading, membranes were stripped by incubation in 0.5% (wt/vol) SDS for 10 min at 100°C and rehybridized with labeled cyclophilin or 18S cDNA probes as indicated. Gene expression changes were also determined by quantitative real-time PCR (Q-RT-PCR). First-strand cDNA synthesis was performed by reverse transcription using total RNA recovered following ethanol precipitation of RNA stored in Formazol. Real-time PCR (RT-PCR) was performed on the PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). Assays employed were as follows: rat apoB (Rn01499050_g1), ␤-actin (Rn4352340E), and hSOCS3 (Hs00165177_m1). RT-PCR results are reported as relative quantitation where the PCR signal of the target transcript in a treatment group was normalized as a ratio to the untreated control representing fold differences in mRNA abundance.
Pulse-chase experiments. Hepatocytes were incubated in basal medium with and without added 0.5 nM IL-6 for 12 h. Afterward, cells were rinsed three times in L-methionine-free and L-cysteine-free Waymouth's medium (depletion medium) and reincubated in depletion medium for 45 min containing appropriate additions. To each dish was then added 160 Ci EXPRE 35 S 35 S-Protein Labeling Mix (1,175 Ci/mmol, NEG-072; PerkinElmer), and incubation was continued for exactly 30 min. Label incorporation into peptides was terminated by rapid addition of an equivalent volume of cold (4°C) quench medium containing 20 mM L-methionine and 5 mM L-cysteine with rapid mixing. Quenched media were rapidly removed by aspiration, and cells were then washed three times with chase medium containing 10 mM L-methionine and 2.5 mM L-cysteine and reincubated in chase medium with and without IL-6. Cells were terminated after 25, 60, 90, and 120 min of chase by collecting medium, washing plates three times in ice-cold HBSS, and freezing the cells in liquid nitrogen. Frozen cells were stored at Ϫ80°C until further analysis.
Immunoprecipitation and SDS-PAGE analysis of cellular and media 35 S-labeled B100 and B48 were carried out as previously described (13) using rabbit anti-rat apoB antibody prepared in our laboratory. Labeled apoB was separated by SDS-PAGE on 4% (wt/vol) acrylamide-Acrylaide minigels cast on GelBond PAG film (FMC BioProducts). Following electrophoresis, gels were rinsed in distilled water and heat-fixed, and label incorporated into B100 and B48 were determined by PhosphorImager analysis of dried gels.
Statistics. Values are presented as means Ϯ SD for independent results from n liver perfusions. For experiments where multiple independent liver perfusions (n) were performed and multiple dishes (3) (4) (5) were evaluated for each test condition, results are expressed as average of averages Ϯ SE. Statistical differences between means were evaluated by Student's t-test or ANOVA. P values Ͻ0.05 were considered significant.
RESULTS
IL-6 specifically stimulates apoB secretion. Effects of various cytokines on lipoprotein apoB secretion and cellular apoB levels were examined using primary RH (Fig. 1) . Concentrations of cytokines were used at levels known to elicit appropriate downstream effects on target proteins (37, 39, 42, 52) . Results indicate that, in our culture system, there is a specific stimulatory effect of IL-6 on apoB secretion (Fig. 1A ) and cellular apoB (Fig. 1B) compared with other cytokines. The effect of IL-6 was dose-dependent in stimulating the accumulation of apoB-containing lipoproteins in medium (Fig. 1C ) and increasing cellular apoB content (Fig. 1D ).
IL-6 stimulates the secretion of apoB-containing lipoproteins.
RH secrete apoB as a component of VLDL as well as denser lipoproteins. To determine which lipoproteins are most affected by IL-6, media was fractionated by ultracentrifugation into VLDL (density Ͻ1.019 g/ml) and infranatant lipoprotein fractions (density Ͼ1.019 g/ml), and apoB content of each fraction was measured by RIA ( Fig. 2A) . Compared with basal conditions, IL-6 significantly increased the secretion of VLDLapoB on average by 35%. This contrasts with the known suppressive effect of insulin on VLDL-apoB, which was reduced on average by 40%. IL-6 treatment markedly increased apoB-containing lipoprotein secreted by RH with densities Ͼ1.019 g/ml by an average of 150% compared with basal conditions. RH secrete both B100-and B48-containing lipoproteins (43) , and, to determine whether IL-6 treatment Fig. 2 . Effect of IL-6 on secretion of apoB in various lipoprotein density fractions. A: effect of IL-6 (0.5 nM) or insulin (100 nM) on the secretion of very low density lipoprotein (VLDL) apoB (density Ͻ1.019 g/ml) and infranatant apoB-containing lipoproteins (density Ͼ1.019 g/ml). VLDL was isolated by ultracentrifugation of pooled media, and VLDL and infranatant fractions were assayed for apoB content by RIA. Results are averages Ϯ SD of 4 pools derived from 5 plates each from 2 independent rat liver experiments. *Means differ from basal conditions (B) compared with IL-6 or insulin (INS) conditions at a probability level of at least P Ͻ 0.05. B: effect of IL-6 on secretory 14 C-labeled apolipoproteins derived from isolated VLDL (density Ͻ1.019 g/ml), low density lipoprotein (LDL) (1.019 g/ml Ͻ density Ͻ1.063 g/ml), and high density lipoprotein (HDL) (1.063 g/ml Ͻ density Ͻ1.225 g/ml) following separation by SDS-PAGE and visualization using the phosphorimager.
14 C molecular weight (MW) markers (center lane) are shown with corresponding molecular masses (kDa).
Fig. 1. Effects of various cytokines, including interleukin (IL)-6 on apolipoprotein B (apoB) in primary rat hepatocytes (RH).
A: RH were incubated overnight (16 h) in Waymouth's medium containing 2 nM tumor necrosis factor (TNF)-␣ (n ϭ 3), 2 nM IL-1␤ (n ϭ 6), 1 nM transforming growth factor (TGF)-␤1 (n ϭ 3), or 0.5 nM IL-6 (n ϭ 6). Afterward, apoB accumulation in the medium was determined by RIA. Results are the average apoB concentration (ng/mg cell protein) Ϯ SE for 3-5 replicate dishes/condition from n independent rat liver experiments. *P Ͻ 0.001 vs. basal medium. B: corresponding changes in cellular apoB levels as determined by RIA. C and D: dose-dependent effects of IL-6 on accumulation of apoB in medium and cellular apoB content, respectively. Results are the average apoB concentration of 5 plates/condition Ϯ SD from one study. *Significant difference from basal conditions at a probability level of at least P Ͻ 0.05. favored the secretion of one over the other apoB variant, RH were incubated with [
14 C]leucine in the presence and absence of IL-6 to label secretory proteins. Media lipoproteins were then fractionated into VLDL, LDL, and HDL by sequential density ultracentrifugation. Following delipidation, 14 C-labeled apolipoproteins of each density class were separated by SDS-PAGE and identified by their known molecular weights (Fig.  2B ). IL-6 stimulated the secretion of both 14 C-labeled B100 and B48 in VLDL and LDL and B48 in HDL lipoproteins. Compared with apoB, secreted 14 C-labeled apoA-IV, apoE, and apoA-I were not stimulated by IL-6 treatment.
Effect of IL-6 on insulin-mediated suppression of apoB secretion. IL-6 has been shown to induce insulin resistance in HepG2 cells and primary rodent hepatocytes (39) . A possible explanation for the observed increase in lipoprotein apoB secretion with IL-6 treatment is loss of insulin-mediated suppression. To address this possibility, insulin dose-response curves were prepared in RH treated with and without IL-6, and lipoprotein apoB secretion of the treatment groups were compared (Fig. 3A) . Insulin reduced apoB secretion in a dosedependent manner both in the presence and in the absence of IL-6. Insulin (100 nM) maximally suppressed apoB secretion by an average of 58.8 Ϯ 7.2% in the absence of IL-6 and by 56 Ϯ 6.8% in the presence of IL-6 (mean Ϯ SE, n ϭ 5). Dose-response curves based on percent apoB inhibited by insulin with and without IL-6 were similar with a detectable shift-to-the-right with IL-6 treatment (Fig. 3B) , suggesting a small decrease in insulin sensitivity. Overall, these results support that the increase in lipoprotein apoB secretion induced by IL-6 is not due to the loss of insulin-mediated lipoprotein suppression, since insulin maintains its inhibitory effect on apoB secretion even in the presence of IL-6.
IL-6 increases B100 and B48 synthesis. In hepatocytes, apoB available for VLDL assembly is mainly regulated by posttranslational apoB degradation (19) . To determine whether IL-6 treatment diminished apoB degradation as the mechanism responsible for the observed increase in lipoprotein apoB secretion, pulse-chase studies were performed (Fig. 4, A and  B) . The most significant effect of IL-6 was on the amount of label incorporated during the pulse period (synthesis) seen as 35 S-labeled apoB at the initiation of the chase period (time 0) and after 25 min of chase. Cellular B100 synthesis was increased 125% by IL-6 (Fig. 4A) , whereas B48 synthesis was increased by 38% (Fig. 4B) . Newly synthesized B100 recovered after 120 min of chase was similar in control and IL-6-treated RH, averaging 36.6 and 31.1% of that synthesized during the pulse, respectively. Somewhat more B48 was recovered in IL-6-treated RH than in control, averaging 61.6 vs. 43.0%. We also examined the effect of IL-6 on the synthesis and secretion of fibrinogen, a known IL-6 gene target (Fig. 5,  A and B) . RH treated with IL-6 demonstrated increased levels of fibrinogen subunits synthesized and secreted in the medium compared with untreated RH, consistent with known effects of IL-6 in the acute phase response (APR).
IL-6 treatment increases cellular apoB mRNA levels. To address whether the mechanism responsible for the observed increase in apoB synthesis with IL-6 in pulse-chase studies was related to changes in apoB mRNA abundance, we measured apoB mRNA levels by Northern blotting (Fig. 6 ). RH were incubated for 16 h with increasing concentrations of IL-6 (0.12-1 nM); total RNA was isolated, and Northern blotting was performed (Fig. 6, A and B) . Cellular apoB mRNA levels showed a dose-dependent increase with increasing IL-6 concentration. With 0.5 nM IL-6, the average increase in abundance was 50 Ϯ 27.9 and 69 Ϯ 14% (mean Ϯ SD) over the no IL-6 condition using cyclophilin (n ϭ 6) and 18S (n ϭ 4), respectively, to normalize blots (Fig. 6C) . To determine whether the increase in apoB mRNA abundance was due to stabilization of mRNA transcripts, we also determined cellular apoB mRNA half-lives following IL-6 treatment (Fig. 6, D and  E) . The cellular half-life of apoB mRNA was relatively long, averaging 10 h in RH treated with IL-6 compared with 16 h under basal conditions (Fig. 6E) , the latter being consistent with previous reports obtained in HepG2 cells (36) . These results support the conclusion that the increase in apoB synthesis, cellular apoB, and lipoprotein apoB secretion with IL-6 treatment is due to IL-6-dependent increases in apob gene transcription rather than stabilization of apoB mRNA transcripts.
MEK inhibition does not prevent IL-6-mediated changes in apoB mRNA. IL-6 signaling has been shown to activate the mitogen-activated protein kinase (MAPK) pathway in addition to the JAK/STAT pathway (21) . To determine the role of MAPK activation, RH were preincubated for 2 h with the MEK inhibitor PD-98059 followed by addition of IL-6, and media apoB secretion and cellular apoB levels were assayed (Fig. 7) . In two independent studies, IL-6 increased apoB secretion by an average of 56% in RH pretreated with PD-98059 and by 49% in RH treated with vehicle alone (Fig. 7A) . Cellular apoB levels were increased by 46% with IL-6 incubations and were also increased in RH pretreated with PD-98059, with increases averaging 58% (Fig. 7B) . Northern blotting analysis indicated that increased levels of apoB mRNA stimulated by IL-6 were maintained in RH pretreated with the MEK inhibitor followed Fig. 3 . Effect of IL-6 on insulin-dependent suppression of apoB secretion. RH were incubated overnight (16 h) in medium with IL-6 (0.5 nM, OE) and without IL-6 () with various concentrations of insulin (0.1, 1, 10, 33, and 100 nM). Afterward, apoB accumulation in the medium was measured by RIA. A: average medium apoB (ng/mg cell protein) Ϯ SE from 5 independent rat liver experiments (3-5 plates/condition) is plotted against insulin dose. B: average apoB secretion inhibited by insulin (%reduc-tion) is plotted against insulin dose in the presence (OE) and in the absence () of IL-6 in studies carried out as described in A.
by IL-6 (Fig. 7C) . These results suggest that the effect of IL-6 on induction of apoB mRNA does not appear to involve activation of the MEK-MAPK pathway.
Leptin induces similar increases in apoB secretion. Leptin, a member of the type 1 cytokine family, is capable of signaling through IL-6-type cytokine receptors (6) . To examine the potential for leptin action on apoB, we examined the effect of increasing concentrations of leptin on apoB secretion, cellular apoB, and total apoB (cellular ϩ medium) (Fig. 8) . Both secreted apoB (Fig. 8A ) and total apoB (Fig. 8C) were increased with leptin incubations while the cellular apoB content trended upward. As observed with IL-6, insulin-suppressive effects were observed at all concentrations of leptin. These results support that leptin has similar effects to IL-6 on apoB without changing the ability of insulin to suppress apoB secretion.
SOCS3 balances IL-6 induction of cellular apoB mRNA abundance. A known negative regulator of IL-6-type cytokines, including leptin, is SOCS3 (24), and we therefore examined whether SOCS3 expression was able to modulate apoB mRNA levels induced by IL-6 (Fig. 9, A and B) . We treated RH with increasing MOI of Ad-CMV-hSOC3 (1, 2.5, and 5 MOI) in the presence of IL-6. RH were also incubated with OSM, a structurally and functionally related cytokine to IL-6 that utilizes the same signal-transducing molecule, gp130 (21) (Fig. 9, right) . Compared with control incubations, both IL-6 and OSM significantly increased cellular apoB mRNA abundance as determined by Q-RT-PCR, with average increases of 48 and 218%, respectively, over control levels (Fig.  7B) . Increasing expression of hSOCS3 demonstrated a progressive reversal of IL-6 and OSM induction of apoB mRNA levels, supporting the conclusion that increases in apoB mRNA levels stimulated by IL-6-type cytokines are negatively regulated by SOCS3 expression.
DISCUSSION
Obesity is associated with chronic subacute inflammation that may be promoted by the release of specific cytokines by an enlarging adipose tissue mass (23) . Adipose tissue cytokines, through paracrine mechanisms, impact hepatic metabolism and have been implicated in the development of hepatic insulin resistance and steatosis (40) . Hypertriglyceridemia is commonly associated with obesity and is caused primarily by hypersecretion of VLDL by the liver (11). Whether specific cytokines are able to play a direct role in stimulating hyperse- Fig. 4 . Effect of IL-6 on cellular transit and secretion of pulse-labeled apoB. RH were incubated in basal medium or in medium containing 0.5 nM IL-6 for 12 h before performing pulsechase experiments. RH were labeled with 35 S label for 30 min followed by incubation in chase medium for 0, 25, 60, 90, and 120 min. Cellular and medium 35 S-labeled apoB at each time point were isolated by immunoprecipitation, and 35 Slabeled B100 and B48 were separated by SDS-PAGE and quantified by phosphorimager analysis. After normalization for cell protein, cellular (left) and medium (right) 35 S-labeled B100 (A) and B48 (B) were plotted against the time of chase. Results are a representative study performed in 2 independent rat liver experiments showing essentially identical results.
cretion of VLDL and whether increased lipoprotein secretion relates to reversal of insulin-mediated suppression of VLDL are issues addressed by the current study. TNF-␣, IL-1␤, and TGF-␤1 were shown to have minimal effects in 16-h incubations on secretion of apoB-containing lipoproteins by RH and cellular apoB levels. IL-6, in contrast, significantly stimulated both cellular apoB content and the secretion of apoB-containing lipoproteins in a dose-dependent manner, suggesting direct effects of IL-6 on lipoprotein production. Insulin suppression of apoB-containing lipoprotein secretion was maintained in the presence of IL-6, suggesting that the observed increase in lipoprotein secretion was not due to derepression of insulin action on apoB. Pulse-chase studies indicated that IL-6 significantly stimulated B100 and B48 synthesis as well as the synthesis of fibrinogen, a known IL-6 target protein. The enhancement in apoB synthesis with IL-6 correlated with a significant increase in cellular apoB mRNA transcripts that was not due to mRNA stabilization, thereby supporting a transcriptional mechanism. Our results, however, cannot exclude the possibility that the inhibition of transcription necessary to perform mRNA decay studies blocked the synthesis of a modulator of apoB mRNA stabilization. Expression of SOCS3, which mediates a negative feedback loop on cytokine signaling, mitigated the stimulatory effect of IL-6 and OSM, an IL-6-like cytokine, on apoB mRNA levels. Together, these data support that IL-6 is a direct positive regulator of apob gene expression that leads to increased apoB mRNA abundance and stimulated synthesis and secretion of apoB-containing lipoproteins by the liver.
apob gene transcription has long been thought to be constitutive, since liver apoB mRNA levels in animals in vivo tend to be relatively stable under a wide variety of situations. This has led to the conclusion that most regulation of lipoproteinapoB assembly and secretion by the liver is attributable to posttranscriptional mechanisms. Controversy related to relative apoB mRNA changes has been furthered by difficulties in quantitation of apoB mRNA in livers with steatosis and lack of an agreed-to standard for normalization of relative expression levels. The constitutive nature of apob gene expression has been challenged by a number of recent reports demonstrating transcriptional regulation of apob in rat liver in vivo by dietary manipulation (46) , by diurnal cycle (32) , and in hepatocyte growth factor transgenic mice (28) . In vitro studies provide additional evidence that steady-state apoB mRNA levels are regulated under a number of pathophysiological conditions, including in response to endotoxin (3) and in HepG2 cells following IL-1␤ (55) and TGF-␤ stimulation (42) . Transcription factors important in apob gene transcription include C/EBP, hepatocyte nuclear factor (HNF)-3, HNF-4, signaling mother against decapentaplegic peptides (42) , and other nuclear transcription factors (57) . Recent studies support the importance of forkhead transcription factors, including HNF3␤ (54) and forkhead box 01 (FoxO1) (26) , in transcriptional regulation of apob; both HNF3␤ and FoxO1 are positive regulators that can be negatively regulated by insulin by activated AKT through nuclear exclusion. The transcription factors responsible for the induction of the apob gene by IL-6 are currently being investigated. 5 . Effect of IL-6 on cellular transit and secretion of pulse-labeled fibrinogen subunits. RH were incubated in basal medium or in medium containing 0.5 nM IL-6 for 12 h before performing pulse-chase analysis as described in Fig. 4 . A: cellular (left) and secreted (right) fibrinogen subunits were isolated by immunoprecipitation; subunits were separated by SDS-PAGE and quantified by phosphorimager analysis. B: after normalization to cell protein, cell and medium 35 S-fibrinogen subunits were plotted against time of chase. Results are from a control study.
Inflammation results in the APR leading to major changes in the concentrations of many plasma proteins mediated primarily at the transcriptional level (10) . The IL-6 family of cytokines is considered the major physiological inducer of the APR and related gene expression changes that can involve a number of transcription factors, including C/EBP␤ and C/EBP␦, STAT proteins, NF-B, HNF1␣, signal protein 1, and activator protein-1. Inflammation results in profound changes in lipid and lipoprotein metabolism characterized by significant hypertriglyceridemia due to increased hepatic VLDL secretion and defective catabolism that can be reproduced in vivo with administration of IL-6 to rodents (27) . C/EBP␤, a transcription factor with a binding motif originally designated as the IL-6 response element, HNF1␣, and forkhead transcription factor- Fig. 6 . Effects of IL-6 on apoB mRNA and apoB mRNA decay by Northern blotting. A: RH were incubated with increasing concentrations of IL-6 (0-1 nM) for 16 h, and RNA was isolated and analyzed by Northern blotting. B: apoB mRNA abundance relative to cyclophilin mRNA was quantified by phosphoimager analysis. This is a representative experiment that was repeated with essentially identical results. C: average percentage change Ϯ SD in apoB mRNA abundance with IL-6 treatment normalized to cyclophilin in 6 independent rat liver experiments and normalized to 18S rRNA in 4 independent rat liver experiments. *The mean percent of IL-6 mRNA relative to normalization control is significantly greater than control after normalization. D: to assess cellular stability of apoB mRNA, RH were incubated with and without IL-6 (0.5 nM) followed by addition of 5,6-dichlorobenzimidazole (DRB) to arrest mRNA synthesis. Cellular RNA (5 plates/time point) was isolated before addition of DRB (0 h) and various times thereafter (1, 6, 12, 18 , and 24 h). Cellular apoB mRNA levels were determined by Northern blotting and normalized using 18S rRNA hybridization signal in 3 independent rat liver experiments. E: average percent of cellular apoB mRNA remaining Ϯ SD (n ϭ 3) at each time point with IL-6 treatment (OE) and without IL-6 treatment () was plotted against time after addition of DRB. Fig. 7 . Effect of preincubation of RH with the MEK inhibitor PD-98059 on apoB protein expression and mRNA levels. RH were preincubated with 100 M PD-98059 or vehicle (DMSO) and then IL-6 was added (0.5 nM) to half of the dishes, and incubations were continued for 16 h. Afterward, apoB contents of media (A) and in cells (B) were determined by RIA and normalized to plate protein.
Results are averages Ϯ SD from 8 individual plates of hepatocytes from 2 independent rat liver experiments. *The average secreted or cellular apoB in incubations with IL-6 are significantly greater than that in the absence of IL-6. Increases are not affected by preincubation with PD-98059. C: cellular RNA was isolated from RH treated as described above and subjected to Northern blotting to determine levels of apoB mRNA with cyclophilin mRNA for normalization.
binding motifs are present in the 5= proximal rat apob promoter with the potential to be involved in IL-6 induction of apob gene transcription (44) . Results of the current study support that IL-6 specifically increases liver apoB mRNA abundance consistent with previous studies in HepG2 cells (55) , in RH (4, 33) , and in RH following endotoxin exposure (33) . Current results provide additional evidence that the effect of IL-6 is transcriptionally mediated, since apoB mRNA stabilization with IL-6 treatment could not be demonstrated. Results also suggest that IL-6 released from expanding adipose tissue due to obesity has the potential to stimulate apob gene transcription in a fashion similar to IL-6 released by Kupffer cells in response to endotoxin (4) . In the context of obesity and subacute inflammation, IL-6 signaling would support the development of hypersecretion of apoB-containing lipoproteins and subsequent hypertriglyceridemia.
Previous reports on the effects of cytokines on the secretion of apoB-containing lipoproteins are variable and depend upon cell type, duration of culture, culture media conditions, and species (4, 5, 37, 42, 55) . We did not observe an increase in total apoB secreted in 16-h incubations with TNF-␣, IL-1␤, or TGF-␤1. Previous reports in rodent hepatocytes indicate that both TNF-␣ and IL-1␤ stimulate the secretion of VLDL apoB by transiently increasing apoB mRNA expression (4, 5) . However, in 16-h cultures, similar to the time interval employed in the current study, the enhanced secretion of VLDL apoB by TNF-␣ returned to control levels. No direct effect of TNF-␣ or IL-1␤ was observed in VLDL "lipid" output in the absence of extracellular fatty acids nor was there an effect on cellular MTP mRNA levels (5). In contrast, TNF-␣ treatment of liver and hamster hepatocytes stimulated VLDL B100 production without changes in apoB mRNA but with increases in MTP mRNA and protein (37) . One major difference between the current study and those mentioned above is that we measured total apoB rather than only VLDL apoB, and it is well known that rodent hepatocytes are capable of secreting apoB in denser lipoprotein fractions, particularly B48 in HDL density. Other reasons for disparities include differences in purity of hepatocyte cultures and differences in hormone content of the culture medium (insulin, dexamethasone) as well as time course differences. Contradictory results are reported in HepG2 cells where TNF-␣, IL-6, and IL-1␤ reduce B100 secretion with (17) and without (55) changes in apoB mRNA levels. TGF-␤1 can increase apoB mRNA levels in CaCo-2 cells while decreasing mRNA levels in HepG2 cells (42) . An additional issue not addressed in earlier studies is the potential for the induction of SOCS proteins by cytokine treatments. SOCS3, in particu- Fig. 8 . Effect of leptin on media, cellular, and total apoB under basal and insulin conditions. RH were incubated overnight (16 h) in medium under basal conditions (0.1 nM insulin, ) or with 100 nM insulin added (OE) with increasing concentration of recombinant leptin. After incubation, apoB accumulation in the medium and cellular apoB were measured by RIA and normalized to plate protein. A: average medium apoB (ng/mg cell protein) Ϯ SE from 4 independent rat liver experiments (3-5 plates/condition) is plotted against leptin dose. B: average cellular apoB (ng/mg cell protein) is plotted against leptin dose. C: total apoB (cell ϩ media) is plotted against leptin dose. *Means differ from the 0 leptin condition at a probability level of at least P Ͻ 0.05. lar, negatively regulates multiple cytokine-signaling pathways, including TNF-␣, IL-1␤, IL-6, and leptin (15, 16, 24) . Because SOCS3 expression suppresses induction of apoB mRNA levels mediated by IL-6 and OSM, it is possible that variable SOCS3 expression may have contributed to reported discrepancies regarding the effects of cytokines on apoB secretion and on apoB mRNA levels.
Recent studies indicate that leptin may play a role in regulating proinflammatory cytokine production, including TNF-␣ and IL-6 (30). The effect of leptin action in the liver is controversial, since leptin's primary action is believed to be at the level of the brain via the long form of the receptor. However, both the long form of the leptin receptor and the short form are present in RH (38) , suggesting the possibility of direct leptin signaling in hepatocytes. Recent in vivo studies indicate that leptin augments the acute suppressive effects of insulin on hepatic VLDL B100 and B48 secretion (25) . We therefore tested whether leptin directly affects apoB metabolism in RH. Leptin functioned similarly to IL-6 in stimulating an increase in secretory apoB, and insulin retained its inhibitory effect on apoB secretion in the presence of leptin. These results are similar to results of in vivo studies which demonstrated that insulin-suppressive effects are retained during leptin treatment.
Conflicting results exist as to whether IL-6 is a beneficial or harmful cytokine. To the extent that IL-6 treatment does not result in sustained SOCS3 expression, our results suggest that IL-6, through a transcriptional mechanism, has the potential to enhance VLDL TG secretion by increasing the availability of apoB and thereby reducing hepatic lipid content by increased TG export. Consistent with this hypothesis are findings that IL-6 treatment resolves hepatic steatosis and normalizes serum transaminase levels in fatty liver transplants in rats and following ischemia-reperfusion injury (22, 51) . The resolution of fatty livers was associated with increased export of TG and cholesterol and a small increase in mitochondrial ␤-oxidation. Interestingly, hepatic SOCS3 expression is high in db/db and ob/ob mice and is associated with hepatic steatosis and metabolic syndrome (53) . Following treatment with SOCS3 antisense, hepatic steatosis resolves, suggesting the reduction of hepatic TG observed might also involve enhanced VLDL export. Long-term increases in hepatic VLDL secretion mediated by IL-6 may also be considered harmful, since increased VLDL production is a proximal cause of hypertriglyceridemia and is associated with enhanced atherogenic LDL formation in humans.
The role of IL-6 in enhancing apoB-lipoprotein secretion expands our understanding of the necessary and complex role of lipoproteins in balancing hepatic lipid metabolism. Shorterterm modulation of VLDL allows for the balance of TG accumulation with other hepatic pathways for TG metabolism. These include oxidation and peroxidation, which can have long-term detrimental effects and can result in development of steatohepatitis. The role of IL-6 in favoring TG export may be protective in the short term, but in the long term needs to be balanced considering the potential consequences and the complexity of these relationships with other pathways, particularly SOCS3 pathways. The novel finding in the current study is that the mechanism involved with IL-6 is a transcriptional effect on the apob gene whose gene product is a carrier for TG. A full range of regulation of apoB is now being established for hepatic apoB metabolism, which includes various forms of degradation (18) , translational regulation (41) , and now further evidence for transcriptional regulation (46) . Considerable future research will be necessary to understand the balance of apoB metabolic regulation required for overall homeostasis as a basis for interventions specifically focused on hepatic steatosis while minimizing cardiovascular risk complications. 
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